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Ultra-relativistic heavy ion collisions at RHIC and the LHC open ex- 
^ \ citing new possibilities for jet physics studies in the presence of hot and 

l/"*) . dense nuclear matter. Recent theoretical advances in understanding the 

QCD multi-parton dynamics provide a good description of the quenching 
in the single and doublé inclusive high-py hadron spectra. Measurement 
of the redistribution of the lost energy and the corresponding increase in 
the soft hadron multiplicities is the next criticai step in elucidating the 
■ modification of the jet properties in the nuclear environment. 



PACS numbers: 13.87.-a, 12.38.-t, 12.38.Mh 
O . 1. Introduction 



Jet production is among the most robust high-Q 2 processes, calcu- 
lable within the pQCD factorization approach In the case of heavy ion 
rS | reactions the interactions of the hard probe with the bulk partonic matter 

lead to elastic, inelastic and coherent modifications to the cross section that 
can be systematically incorporated in the perturbative formalism [3]. 

At large center of mass energies jet production may probe the parton 
distribution functions (j)(x,fj,f) at small momentum fractions x < 0.1. In the 
case of heavy ion reactions nuclear size enhanced power corrections generate 
dynamical parton mass and lead to nuclear shadowing 5 . While these are 
relevant for low- and moderate Q 2 (or —t) processes, large Et jet production 
Q 2 (or —t) 3> m\ yn remains unaffected [S]- 

Before we investigate the consequences of medium-induced acoplanarity 
and non-Abelian bremsstrahlung some basic characteristics of jets in e + +e~ 
and p + p (p) collisions should be reviewed. The virtuality ^ ~ y/i of a hard 
perturbative process is reduced to a limiting value to <^ t via soft gluon 
radiation. In the simple case of independent Poisson emission the induced 
parton multiplicities scale with average squared color charge of quarks and 
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gluons Cr = {Ca, Cf}. In the presence of color coherence (HI IH parts of the 
phase for soft gluon bremsstrahlung are excluded due to destructive interfer- 
ence effects. For the limiting case of factorizable exact doublé ordering [7j, 
both in terms of the lightcone momentum fractions and the virtualities ti, 
one finds significant corrections for the predicted soft hadron multiplicities. 
4tt / i„ t \ n „ j _ 2 i„ a 3 (t ) 



Let a s (t) = ^ n X 2 — j an< ^ K = 3o ^ n a (t) • exc l usrve probabil- 



n!n!) . 



ity for n-gluon emission is given by P n (t; to, Zq) = (2C r k In 
Standard first moment evaluation yields an average gluon multiplicity 

W = (£)¥à> P = 2\kc R K\n±. (1) 



1) h{p) 

It is easy to verify that in the small zq or a s (t) lim 20 ^ | a s ->o(N g ) = f- 
While (N g ) depends on the choice of z and to, assuming isospin symmetry, 
-^ch = f-^totj and locai parton-hadron duality [H] we find 

(^ch)g-jet _ lim ( jV g)g-jct _ Ca = 3 (2) 



(^ch)q-jct 20-^0 | a s ^0 (A^) q _j c t V Cf 2 



The left panel of Fig. ^ shows the ratio of the charged hadron multi- 
plicities for quark and gluon jets measured by the OPAL collaboration 
Over a wide range of energies E* = pt g the experimental results fall in the 

range /^ ch \ s ~ jct = 1.4 — 1.6, which has to be compared with the analytic 

V^ch/q— jet 

expectation of 1.5 from Eq. (j2J. The typical charge hadron multiplicity for 
gluon jets of E* = 10 - 20 GeV is (A r c h) g -jct = 6 - 10 0. 

Parton broadening relative to the axis of propagation and the shape 
of the transverse momentum distributions can be roughly estimated in the 
leading doublé log approximation (LDLA). The normalized k-p probability 
from vacuum radiation and including Sudakov forni factors is given by 



1 da C R a s 1 k| / C R a s 2 kf . 

^ LDLA k£ g -P [-^r l0 § Q2 ) • ( 3 ) 



The simple analytic form, Eq. (J3J), has definite shortcomings. It forgoes 
important kinematic constraints, assigns = probability to J2i ì = type 
configurations and thus suggests that back-to-back leading hadrons always 
disfavor the A(f> = ir topology. Experimentally, large away-side correlations 
have been measured in p + p and d + Au reactions at A<p = tt \12\ . 
The mean transverse momentum broadening from Eq. (j5J) reads 
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Fig. 1. Left panel from [jj]: the ratio of charged hadron multiplicities associated 
with gluon and quark jets in the range E* =5 — 40 GeV. Right panel from ^U]: the 
distribution of charged hadrons in r/R with R = 30°. Note the broader distribution 
for gluon jets. 



and is proportional to the only dimensionful scale in the problem Q 2 . In 
the small coupling limit (k^) pp = Cr ^ s (1 + 0(a s ))Q 2 . As emphasized 
above, correction will likely reduce the Q 2 dependence of these estimates. 
Nevertheless, one stili expects a strong correlation between the acoplanarity 
momentum projection {kxy) and the hardness of the process. The ratio 
of the broadening and the width of the jet cone for quark and gluon jets is 
approximately given by 



'(k|i)g_ jet \Ca _ 3 

*o e q V " V ~ 2 



Differences in the angular distribution of hadrons in quark and gluon jets 
from the OPAL experiment are shown in the right hand side of Fig. ^ 



2. Modiflcation of the jet properties in nuclear collisions 

In dense nuclear matter one of the anticipated modifications of the jet 
properties is the accumulation of transverse momentum from elastic multi- 
parton interactions in addition to the vacuum acoplanarity discussed in 
Sec. I, 

(kfi)tot = (kx)pp + (k|) nuc i . (6) 

Pt~ diffusion ^5], amplified by the under lying steep partonic slope, results 
in the Cronin effect observed in p + A reactions ^1] . Constraints from fits 
to low energy data ^S] suggest that in cold nuclear matter at midrapidity 
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Fig. 2. Right panel: the away-side correlation function C2(A0) in p+p and centrai 
Au + Au reactions with transverse momcntum diffusion and with and without jet 
energy loss. Data is from STAR |12|, Left panel from |20|: predicted suppression 



ratio Ra A {.Pt) for neutral pions at yfs NN = 17, 62 and 200 GeV. SPS and RHIC 
data |21| is shown for comparison. 



(kj,) ~ 0.7 GeV 2 per jet Such broadening is relatively small compared 
to the acoplanarity from vacuum bremsstrahlung, Eq. especially in hard 
processes. 

Significantly stronger pt~ diffusion is expected in hot nuclear matter of 
initial effective gluon rapidity density ~ 1000 and p g (r) = 7^^-, as 
shown in the left hand side of Fig. [21 Comparisons to existing data |12l I16j 
on di-hadron correlations C2(A0) = dI ^^ 2 , however, demonstrate that 
this is not the dominant nuclear effect. Inelastic final state parton scattering, 
manifest in the multi-hadron attenuation ratio [5] 

R {n) = da%- hn /d yi ■ ■ ■ dy n d 2 p Tl ■ ■ ■ d 2 p Tn 

AB (Ntè) da h N ^ h " /dm-- dy n <Pp Tl ■ ■ ■ d?p Tn ' 

is the the signature difference between the p + A and A + A dynamics in 
the high— px sector. 

The non-Abelian energy loss of jets can be calculated using the GLV 
approach \T\. In the physical case of 1+1D Bjorken expansion to first 
order in opacity ^S] 

f , 9C R Tra 3 s ~ . . 2E 9C B Tra 3 s 1 dN^ 2E 

Current jet quenching calculations go beyond the mean AE approxi- 
mation, Eq. ©, but assume independent Poisson medium- induced emis- 
sion |19j . The corresponding increase in the soft hadron multiplicities then 
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scales as in contrast to the vacuimi bremsstrahlung result, Eq. (j2J). The 

right hand side of Fig. |2J shows the predicted nuclear modification R^ A in 
centrai Au + Au collisions at ^/^nn = 17, 62 and 200 GeV 0[2U], which 
is dominated by parton energy loss. The theoretical calculation is in good 
agreement with the moderate- and high-p^ dependence of the measured nu- 
clear suppression (21, . Criticai test of jet tomography |14j will be provided 
by the upcoming y / s/v r /v = 62 GeV pion attenuation data. Parton energy 
loss also leads to the suppression of the doublé inclusive hadron production 
^AA ana - 1S experimentally manifest as a reduction of the area Ay^? of 
the away-side correlation function C2(A<p). Such attenuation is 25% — 50% 
larger than the suppression in the single inclusive spectra. Numerical results 
are shown in the left hand side of Fig. |2J 

An emerging novel aspect of jet tomography of the dense quark-gluon 
plasma (QGP) is the study of the redistribution of the lost energy, Eq. Q, 
back into the partonic system |22| . With suppressed gluon propagation 
for uj < ùjpi, the medium-induced virtuality is irradiated into fewer harder 
quanta above the plasmon frequency |23] . For perfect angular accep- 
tance, as a function of the experimental pTcnt for the measured hadrons the 
induced multiplicities and the total energy recovered in the jet are given by 

N(p T cut) = l\E-AE> PTcut +^nP n (iVg) ÌAE> PTcut , (9) 

n 

AE 

E(p Tcut ) = E - AE\ E . AE > PTcut + — — £ Pn^lM^ • (10) 



In Eqs. @ and (|10|) N g and the probability distribution P n (N g ) are com- 
puted as in (21 EU • The left panel of Fig. EU shows numerical estimates 
for p T = 8 and 20 GeV quark jets at RHIC and p T = 20 and 100 GeV 
quark jets at the LHC. A large part of the lost energy reappears already 
at pt ^ 1.5 GeV at RHIC and p T ^ 3 GeV at the LHC. For ideal re- 
construction of the jet-related soft hadrons lim PTCUt -^o E{px) = E^ and 

lim PT cut ^partorì (prcut) = N g (E jet ) + 1- The medium-induced increase in 
the parton multiplicity is ~ 25 — 35% relative to the vacuum bremsstrahlung 
result 0. 

If the radiative gluons reinteract with the QGP, their momentum will 
be further degraded [22]. For complete thermalization N g (r, At) ?» jAS = 

I ^rlr'r)''^ • Numerical simulations based on a parton cascade model [22] are 
shown in the right hand side of Fig. The growth of the soft multiplicity 
per jet is dose to a factor of two and the bremsstrahlung gluons appear at 
transverse momenta pt ~ 600 MeV. 



G 



ISMD-VlTEV PRINTED on February 2, 2008 




1 1 

PHTr 














i i 



125 
100 

75 
' 50 
25 




1 10 
Piovevi 





LHC i 















10 



> 
o 




p x (GeV/c) 



Fig. 3. Left panel from [Tl|: medium-induced partonic multiplicity as a function of 
the experimental pt cut for energetic quark jets at RHIC and the LHC. Right panel 
from 122]: momentum density of hadrons associated with energetic back-to-back 
jets with and without medium-induced bremsstrahlung. Secondary rescattcring 
leads to gluon transverse momenta ~ 600 MeV. 



3. Conclusions 

The study of jets in nuclear collisions is a naturai extension of the calcu- 
lable perturbative QCD dynamics to a complex strongly interacting many- 
body system. Elastic, inelastic and coherent multiple scattering [I] can 
modify the jet and hadronic cross sections, the multi-hadron correlations, 
the energy flow of jets and the associated soft particle multiplicities relative 
to measurements in baseline systems such as e + + e~ and p + p (p) . For 
large Et processes it is the medium-induced non-Abelian bremsstrahlung 
that dominates the observable nuclear effects. At present, the quenching of 
the single inclusive spectra and the di-hadron correlations is well established 
experimentally and understood theoretically. The balance between the lost 
energy and the per jet growth of the soft particle production is the emerging 
novel aspect of jet tomography of dense nuclear matter. Preliminary results 
on this class of observables at RHIC are encouraging [21] and hint at the 
redistribution of the energy lost by the parent parton of the away-side jet 
into px < 2 — 3 GeV hadrons. Improved jet reconstruction techniques for 
heavy ion collisions at RHIC and the LHC, extended i?^-reach and larger 
cross sections will greatly facilitate the studies of the modification of the 
energy flow and hadron multiplicities associated with jets in the nuclear 
environment. 
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